Abstract_ Reduction of active power loss is one of the main functions that are carried in power system control centers. The main purpose of transmission systems is efficiently handling power from generation stations to load centers. Yet, a considerable amount of power is lost in transmission network components. As a corrective action, power flow redistribution in transmission lines using appropriate power flow control devices is useful to increase the transmission efficiency. However, the inserted power flow control devices themselves consume power. Thus, if not optimally sited, their own power loss may overcome the loss reduction which is obtained by their action, and as a consequence may increase the power loss further. Optimal allocation of these devices is critical to ensure fulfillment of the proposed goals. In this work, optimally placed Sen Transformer (ST) is suggested for power loss reduction considering security constraints. ST is modelled under MATLAB/SIMULINK, and optimally located using active power loss sensitivity index. The method is validated using IEEE-6 bus system and the results are encouraging.
I. INRRODUCTION
Power systems are principally divided to generation, transmission, and distribution subsystems. The generation stations are always located closer to the resources. The main goal of the transmission subsystem is to transfer the generated power to load centers at highest possible efficiency. However, many factors increase transmission lines' power loss. For instance, most power systems are forced to utilize their available transmission lines better before installing new ones. As well, the energy demand is continuously increasing and the transmission lines are becoming more heavily loaded, thus, power loss reduction importance is increasing equally. Moreover, the normal uncontrolled flow of power in a transmission network lines may not be the best possible in terms of the technical power loss. This technical power loss, which is due to energy dissipation in the transmission and distribution equipments [1] , is inherent in power systems. It is not avoidable, but can be reduced to an optimum level. One means to reduce transmission lines' power loss is redistributing their flows.
Inserting power flow control devices such as Flexible Alternative Current Transmission System (FACTS) devices in power networks to reroute lines flow has many advantages as they can enhance system security, increase power transfer capability, and reduce power loss. However, as non suitable location of them may increase power loss, an important issue related to power flow control devices insertion is selection of their optimal location. The optimal allocation is usually based on one or more of the aforementioned objectives.
Shunt FACTS devices are more suitable for bus voltage/loadability related problems, while series FACTS devices are more appropriate for power flow control. However, series-shunt FACTS devices possess advantages of both. Thus, the Unified Power Flow Controller (UPFC) as a series-shunt FACTS device is the more versatile [2] , [3] . It can control line impedance, voltage, and phase angle simultaneously, or selectively. Sen Transformer (ST) has the same capabilities and advantages of UPFC. However ST has slower response rate, but its response rate is reasonable for most utility applications [4] , [5] . One application which does not require the rapid response rate of the UPFC is power flow control for power loss reduction. In this work, it is intended to use an ST optimally located so as to reduce active power loss in the base operating condition.
Allocation of different FACTS devices using variety of optimization techniques for power loss reduction is reviewed in this section. Siddiqui et al. [6] presented an integrated optimal power flow with phase shifter approach for power system reliability improvement, security enhancement, and loss minimization. Eghtedarpour and Seifi [7] used SSSC for congestion management and transmission loss reduction using sensitivity based analysis for the effective device allocation. Gitizadeh et al. [8] presented a combinational criterion providing voltage profile improvement, line overload alleviation and line loss reduction. Dahalan and Mokhlis [9] for reduction of real power loss and improving bus voltage profile presented an effective method based on Particle Swarm Optimization (PSO) to identify the feeders switching plan. Wen et al. [10] proposed a local loss reduction method based on injected power sensitivity, which can effectively reduce power loss of local lines by adjusting the injected active power of generator nodes and the injected reactive power of Var sources. Jangjit et al. [11] reduced transmission line power loss using Interline Power Flow Controller (IPFC) using differential evolution (DE). Rashed et al. [12] presented a Differential Evolutionary (DE) algorithm for deciding the optimal location of UPFC and its parameters setting, in order to reduce active and reactive power loss.
Hertem et al. [13] have addressed Phase Shifting Transformers (PST) and HVDC effect on power system losses. They presented that power flow control devices especially HVDC and VSC-HVDC incorporate significant losses. Thus, it is critical and highly essential to correctly locate such devices to ensure well performing the desired tasks. Gasim et al. [14] compared PST and ST in terms of power flow control and the resulting total power loss in transmission networks. It is found that ST is superior and encouraging as it successfully controls both power flow and voltage due to that the voltage which it injects is controllable in both magnitude and angle, and the resulting total active power loss is less with ST as compared to that with PST. There are two main issues to be addressed in terms of a power flow control device usage for the purpose of loss reduction. Firstly, the power flow control device to be connected itself consumes part of the active power, and secondly, inappropriate allocation may cause forcing more power to flow in one or more transmission lines which have high resistance, causing more power loss, or the power which is consumed by the power flow control device overcomes the loss reduction which it causes. The rest of the paper includes modelling of ST, its optimal allocation, the simulation results, and the conclusion.
II. MODELLING OF ST
As depicted in Fig. 1 , ST consists of shunt and series transformers. The shunt transformer includes excitation and compensation windings, while the series (coupling) transformer injects compensation voltage in series to the transmission line to be compensated. The compensation windings can provide in-phase, leading, and lagging-phase voltages. The operation principle of ST can be found in [5] . In principle, the injected series voltage magnitude and phase angle can be regulated to control buses voltage and to change the line's effective transmission angle respectively. The equivalent circuit of an ST embedded transmission line is shown in Fig. 2 , and respectively are represented by data of the two transformers primary and secondary windings. The series resistance considered includes both line and ST resistances. Active power loss in the ST's shunt transformer is represented by . From Fig.2 , we can write:
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Then, line flows can be obtained as follows: 
III. OPTIMAL ALLOCATION OF ST USING ACTIVE POWER LOSS SENSITIVITY INDEX
For the purpose of reduction of total transmission lines' active power loss, power loss sensitivity with respect to transmission phase angle is suggested for optimal allocation of ST. The loss sensitivity index for each line with respect to the angle shift is defined as follows: (13) Where:
: Line active power loss sensitivity with respect to phase angle shift, having the ST connected to the line.
: Line active power loss, with an embedded ST. : Angle difference between line terminals.
Considering a line with an embedded ST between buses i and j, the power loss sensitivity will be given by: 
IV. TEST SYSTEM AND SIMULATION RESULTS
The IEEE-6 bus system has been considered to validate the proposed method. It consists of three generation stations, three load centers, and 11 transmission lines. Data of the system are from [15] . The IEEE-6 bus System with an embedded ST to line (1-4) has been modelled in MATLAB/SIMULINK as shown in Fig. 5 . Load flow analysis results are obtained using MATLAB/SIMULINK and validated using Newton-Raphson method. By applying Equation (14) for each line, considering a constant value of the ST compensation voltage V 0.2 15 pu, value of the active power loss sensitivity can be obtained for each line. Table 1 shows the transmission lines ranked according to their active power loss sensitivity. It is obvious that line (1-4) is the most suitable location for ST since its sensitivity is the highest. In Fig.5 the ST is connected to line 1-4. The load flow analysis is again performed with the ST connected. Table 2 shows set values of compensation voltage components. Tables 3 and 4 show results of bus voltage and line active power flows without and with ST. Table 5 shows active power loss of each line and the total transmission network losses without and with ST. Fig. 6 shows total active power loss without and with ST. It is required to increase the power flow of the optimal selected line, thus, the limited angle ST is selected to be the type which provides in-phase and leading-phase compensation voltages. In the considered condition and the selected location, increasing the compensation voltage decreases the active power loss. Thus, the ST compensation voltage components, which are the in-phase and the leading phase voltages, are increased starting from zero up to the values given in Table 2 . The stopping criteria is reaching power flow limit of at list one transmission line. However, a loading margin is kept for the transmission lines to ensure maintaining a suitable degree of power flow security. Besides transmission loss reduction, incorporation of ST in line (1-4) has enhanced voltage security as it is obvious in Table 3 , where voltages of buses 4 and 5 have been enhanced. In Table 1 , it can be seen that other lines have less participation in power loss reduction. For instance, allocating an ST at line 1-2 although reduces the power loss, but not effectively as the case when allocating it at line (1-4). Nevertheless, allocating an ST at the low ranked lines increases the transmission power loss further. In Table 4 , it is noticeable that with the ST action, power flow of lines (1-2), (1) (2) (3) (4) (5) , and (2-4) is obviously decreased. This has caused a clear reduction in power loss of these lines and the transmission system as a whole as can be seen in Table 5 . On the other hand, although power flow of line (1-4) has increased as a result of the ST action, power loss of this line did not increase. On the contrary, it decreased slightly. That is as a consequence of the injected voltage of ST in this line. The component of the injected voltage which is in-phase with the transmission line current emulated a negative resistance and caused reduction of power loss of this line.
V. CONCLUSION
Planning for active power loss minimization is a vital task, which is usually carried in power system control centers. Since transmission lines are forced to transfer more power due to the direction of more utilization of the available transmission lines, and the demand for electric power is steadily increasing, causing more normal flow and more power loss in transmission lines, importance of the task of power loss reduction is similarly continuously increasing. As it successfully accomplishes reduction of the transmission lines' power loss, power flow redistribution in networks' transmission lines using appropriate power flow control devices became more vital than before. In this work, optimally located Sen Transformer (ST) is used for transmission lines' power flow redistribution mainly to reduce the power loss in the transmission network. The contributions of this work include modelling of ST and optimally locating it in a transmission network using power loss-phase angle sensitivity of ST embedded transmission line. The obtained optimal location of ST has successfully reduced the IEEE-6 Bus system transmission network's active power loss, as well as has enhanced voltage security.
